The blood-brain barrier (BBB) is formed by the tight junctions of the cerebral capillary endothelium and the choroid plexus epithelium. The molecular anatomy of the tight junction resembles that of a polarized, transporting epithelium, suggesting some model cell culture systems can provide insight into traffic into the central nervous system. Pathogens target both the endothelium, causing encephalitis, and the choroid plexus, leading to meningitis. Routes of entry are diverse including paracellular and transcellular penetration. In addition, circulating microbial products can induce loss of BBB function. Understanding the heterogeneous molecular interactions between pathogens and the BBB may provide avenues to interrupt the devastating neurological sequelae that accompany central nervous system infections.
.... 
Introduction
The brain is marked by its own unique internal milieu, the composition of which depends on the molecular screen of the blood-brain barrier (BBB). This barrier functions on the principle of exclusion keeping serum components, including the high concentrations of neuro-active amino acids, physically restricted from entry into the extracellular fluid of neuronal cells. Both the cerebrospinal fluid (CSF)-filled subarachnoid space and the brain parenchyma itself lie protected behind the BBB. Penetration of microbes into the CSF space results in meningitis while entry into brain parenchyma causes encephalitis. This review will discuss new insights into the molecular elements that comprise the BBB and which suggest it is perhaps easier to model this system than is generally appreciated. Studies suggesting how microbes short circuit the system are now forthcoming.
What constitutes the BBB
The BBB is formed at two levels: a barrier between blood and brain arises at the cerebral capillary endothelium and a barrier between blood and CSF arises at the choroid plexus epithelium (Fig. 1) . Restriction of the passage of elements across the . Anatomical details of the BBB at the choroid plexus and the cerebral capillary endothelium. The choroid plexus epithelium (stars) is located within the CSF-filled ventricles (white). Molecules circulating in blood move through the fenestrated endothelium within the plexus and encounter the BBB at the level of the tight junctions between the epithelial cells which secrete the CSF fluid. In contrast, the cerebral capillaries, which penetrate the brain parenchyma itself (gray), display tight junctions which impede the passage of elements in blood. The capillaries are intimately associated with the foot processes of brain astrocytes although there are no tight junctions between the glial cells.
BBB results from the presence of tight junctions BBB endothelial cells are very similar to a polarized between endothelial cells of the cerebral vessels and epithelium [4] . The components at the BBB tight epithelial cells of the choroid plexus (Fig. 2) . In junctions are a select subset of standard components contrast to the more permissive behavior of periphof peripheral transporting epithelia, including ZO-1, eral vessels which are fenestrated and have active 20-2, and occludin [5-71 (Fig. 3) . There is one transcellular pinocytosis, even small molecules such protein specific to CNS tight junctions: neurothelin as dyes and antibiotics are retarded at the BBB (also known as HT7) [8, 1] . This protein is a highly boundary. The tight junctions arise early in developglycosylated, integral membrane protein of the imment, and, as penetration becomes progressively remunoglobulin superfamily which is localized to cell stricted, specific transport systems become operacontact sites and may function as a transporter. The tional to provide glucose, iron, amino acids etc. to basement membrane underlying the BBB endothelial support neuronal function. An apt descriptor for this and epithelial cells is conventional [4] . It contains coordinate development of function is 'barrier and laminin, collagen IV, proteoglycans (especially hepcarrier' [ 11.
aran sulfate), fibronectins, nidogen and entactin. The choroid plexus is a highly vascularized epithelium found within each of the four cerebral ventricles and which produces cerebrospinal fluid. It is a true polarized epithelium which is analogous to that in the kidney [2] (Fig. 1) . Penetration of the BBB at this site would lead from blood into the CSF circulating within the ventricular system. Although this fluid is continuous with the extracellular fluid of the brain parenchyma, the fluid within the subarachnoid space turns over rapidly, replacing its entire volume every 4-6 h. This route of entry into the CNS would predict initial events in disease to appear in the ventricles. and only later, with extensive inflammation, would pathology spread to brain parenchyma. From the pathogen's point of view, CSF is very poor in nutrients, particularly amino acids and buffering capacity, but it is also devoid of natural host defenses, such as complement and leukocytes [3] .
An important insight gained from the recent identification of some of the components of the tight junction is that the BBB at both the endothelial and epithelial level is structurally and functionally analogous to a transporting epithelium. This immediately suggests that mechanisms whereby bacteria interact with polarized epithelia may have relevance to invasion of the CNS.
Four possible routes into brain
In contrast to the highly localized choroid plexus, the most extensive site of the BBB lies at the cerebral microvessels.
The presence of tight junctions and sparse pinocytotic activity distinguishes these cells from peripheral endothelia. New application of immunohistochemistry of known tight junction components indicates that, functionally and chemically,
The mechanisms of microbial entry into the CNS can be classified by the site of entry and the way the tight junctions are circumvented. Based on the anatomy of Fig. 1 , microbes could use direct penetration at either (a) the choroid plexus epithelium leading to the CSF space or (b) the cerebral capillary endothelium leading to the brain parenchyma.
(c) Alternatively, they could indirectly affect the function of endothelial or glial cells or basement membrane such that the barrier function of the tight junctions is disrupted. (d) Finally, they could traverse the barrier together with or inside of leukocytes. Direct penetration of an endothelium or epithe- lium can be further divided into two routes: through the cell or between the cells (Fig. 4) . Passage through the cell can be engineered entirely by the pathogen by uptake into a vacuole and transcellular passage or by increasing the normally sparse pinocytotic vesicle (caveolae) transit across the BBB.
Penetration of the cerebral capillary endothelium
At the level of the endothelium, invasion is most likely to occur at the post-capillary venule and would be expected to involve enhanced adherence of the pathogen to this site prior to transmigration.
A well understood example is the targeting of malaria to ICAM-1, a cell adhesion molecule upregulated on inflamed endothelia, as a predecessor to cerebral malaria [9] . That bacteria are intimately acquainted with the cerebral capillary endothelium is suggested by the cross-reactivity of bacterial components with signature molecules of the CNS. Fig. 4 . Four mechanisms of transmigration across an epithelium or endothelium at the BBB. A pathogen can engineer its own uptake by a dedicated vesicle which may or may not lead to entry of the pathogen into the cytoplasm. Listeria is an example of this route. Paracellular transmigration involves directly loosening the tight junction, as suspected for spirochetes, or may involve interrupting the supporting components for tight junction function, i.e. glial cells and basement membrane. Pinocytotic vesicles ate rare in normal BBB cells. Increased vesicular transport may facilitate the CNS entry of meningococcus or bacteria causing subacute endocarditis. Finally, two pathogens have been shown to have specific receptors which initiate transmigration:
PAF receptor for pneumococcus and ICAM-for malaria. The details of trafficking of the pathogen after entry on the receptor remain to be elucidated. that is antigenically related to a brain-specific, surface endothelial epitope (yet to be fully characterized) [ 111. Either a prolonged, low-grade bacteremia, such as is characteristic of endocarditis or syphilis, or a sustained, high-grade bacteremia would favor presentation of the pathogen to the potential invasion site. In comparing these two scenarios clinically, high-grade bacteremia results more commonly in meningitis which suggests possible entry via the choroid plexus (see below). In contrast, prolonged, low-grade bacteremias are associated with multiple lesions in the brain parenchyma compatible with exit of the pathogen at many sites along the endothelial BBB. Multifocal encephalitis is a recognized complication of infection with Listeria monocytogenes, Borrelia burgdot$eri, Treponema pallidurn, Rickettsia prowasekii, malaria, fungemias and subacute bacterial endocarditis.
Distinction of transcellular versus paracellular routes across the BBB has not been made for many of these pathogens. The spirochetes, Borrelia and syphilis have been suggested to pass between BBB endothelial cells [ 12,131. In contrast, Listeria engineers entry through the endothelial cell from which it is suggested to penetrate in a cell-to-cell manner into astroglia [ 141. Subsequent dysfunction of the astroglial cells leads indirectly to loss of tight junction integrity.
Penetration through open tight junctions
It has been suggested that if the tight junctions are functionally disturbed and bacteremia ensues, a pathogen could simply filter into the CNS. This would provide a passive route into the CNS for even low-grade pathogens, as opposed to the active invasion suggested above. The function of the tight junction is known to be influenced by glial cells, basement membrane, the adjacent zonula adherens and by cytokines. If endothelium is disengaged from the basement matrix, permeability can be enhanced 14-fold [ 151. Astroglial dysfunction upon penetration by Listeria may contribute to loss of barrier capacity [ 141. The zonula adherens lies adjacent to the tight junction and contains cadherins, catenins, other proteins and actin. Targeting of this system has recently been suggested for Shigella, although specific examples for CNS disease have yet to be described [16] . Simple, high concentrations of cytokines do not induce leaky BBB tight junctions as evidenced by the early pathophysiology of sepsis. However, the BBB exhibits a saturable transport system for IL-l CY, a cytokine which can induce loss of BBB barrier function [ 171. IL-l p has also been associated with enhanced BBB permeability (even more so than TNFo ) [ 181. Although not formally demonstrated, it remains possible that targeting of these cytokines to the BBB endothelium could sufficiently enhance permeability locally so as to allow circulating pathogens facilitated paracellular entry [ 191.
Transit across the choroid plexus
The route by which high grade pathogens, such as Streptococcus pneumoniae, Haemophilus influenzae, Neisseria meningitidis, and, in newborns, Escherichia coli Kl and Group B Streptococcus, enter the CSF to produce meningitis is yet to be established. While entry via the endothelium of the BBB would be possible since the brain extracellular fluid is continuous with CSF, the lack of diffuse parenchyma1 lesions early in the disease argues against this route. A more direct route into the CSF space is afforded by either penetration of larger cerebral vessels, for instance at the subarachnoid granulations, or targeting of the highly vascularized, choroid plexus epithelium.
Several lines of evidence favor the choroid plexus as an entry site. In experimental meningitis there is a concordance of bacterial density in the CSF between the ventricles and the lumbar space, even at very low densities (i.e. early in disease) [20] . Since CSF flows unidirectionally from ventricles down to the lumbar region, the presence of bacteria in the ventricular fluid suggests entry at that level, i.e. the choroid plexus. This is further supported by the frequent finding of plexitis in early meningitis. Pathogens that have been demonstrated to directly target the choroid plexus in pathological sections include Sendai virus, lymphocytic choriomeningitis virus, and trypanosomes [2].
Transmigration with leukocytes
A final route of entry into the CNS is surreptitious migration on or within phagocytes. One pathogen, Streptococcus suis type 2 has been demonstrated inside leukocytes in the CSF and may use this mechanism [21] . However, most pathogens probably do not since, despite equivalent number of bacteria, the leukocyte number in the ventricles is very much lower than in the lumbar region suggesting discordant points of entry for bacteria vs. leukocytes [20] . Using direct histopathology, it has been suggested that the earliest point of entry seen for leukocytes is at the dorsal longitudinal sinus, along the most superior aspect of the skull [22] .
Regardless of the specific mechanism of entry into the CNS, trafficking of pathogens across the BBB is a rare event. It is rare in the sense that a very narrow subset of pathogens ever achieve it and, of those that can, the incidence of this manifestation during invasive disease is very low. For instance, in the case of pneumococcal infection, 1 in 2.5 people harbor the bacteria in the nasopharynx asymptomatitally at any given time, 1 in 2500 develop pneumonia and only 1 in 25 000 ever develop meningitis. It has become important to establish the factors which put a patient at risk for CNS infection since its sequelae are so devastating.
It has been clearly demonstrated that the incidence of CNS infection is directly correlated to the concentration of pathogen in blood and the length of time bacteremia is maintained [23, 14] . However, even high grade bacteremia is not in and of itself sufficient to precipitate meningitis. Suggestions for the further molecular events that determine invasion have recently been reported. Specific molecules which serve as receptors have been identified for two meningeal pathogens, ICAM-1 for malaria and PAF receptor for pneumococcus (see below). It appears that these receptors determining transmigration are presented only upon activation of the host cell and can be clearly distinguished from early events of simple adhesion. This would suggest that very specific strategies could be aimed at these molecules so as to limit distribution of circulating pathogens into multiple tissue sites.
In vitro BBB models
With the idea that transmigration is a possible target for intervention to prevent CNS invasion during infection, it has become important to model the BBB in vitro and identify molecular elements of the transmigration process. As is true for many CNS cells, it is very time-consuming and difficult to establish native cerebral endothelial cells in tissue culture. However, in the absence of a cell line which maintains tight junction characteristics, most work has been done with primary cultures. Cerebral endothelial cells can be harvested from brain homogenates, purified on dextran gradients and cultured alone or together with supporting glial cells [24-271. After several weeks, these monolayers can develop the high electrical resistance characteristic of the BBB and indicative of effective barrier function. The necessity of this laborious preparation of a model in vitro system has greatly hindered progress in understanding microbial interactions with the BBB. However, based on the recent immunohistochemical analysis of the components of the tight junctions of the BBB, it is apparent that the BBB both at the level of the endothelium and the choroid epithelium, share many characteristics with polarized epithelia. This suggests that some of the information developed in epithelial transmigration systems may be useful for studying entry into the CNS. It should be considered
Pamcellular
Spirochetes Haemophilus influenzae that a molecule identified as important for transepithelial migration of a pathogen using non-CNS cells could be tested for involvement in CNS invasion more easily using in vivo animal model systems rather than resorting to setting up primary BBB endothelial cells in vitro.
Mechanisms of transmigration for specific bacteria
The three major pathogens causing invasive disease in children are also the major causes of meningitis: pneumococcus, Haemophilus and meningococcus. These pathogens cause meningitis in children under the age of 5 years, suggesting a developmental dependence on access to the CNS. This is also suggested by the strict limitation to newborns of E. coli, Group B streptococci and Listeria as meningeal pathogens. The precise mechanism of tropism for the CNS is still far from clear but each pathogen, as currently understood, probably takes a different route into the CNS (Table 1) .
The pneumococcus adheres readily to endothelial cells and has been demonstrated inside cells within a vacuolar compartment suggesting a transcellular migration route. Simple attachment occurs to several glycoconjugates on resting cells [28] . However, transmigration is initiated under very specific conditions which necessitate activation of the endothelial cells [29] . Upon activation by endogenous stimuli such as cytokines, the endothelial cells present de novo molecules important for adhesion and recruitment of leukocytes to the infected site. Pneumococci appear to take advantage of this scenario and engage one of these receptors, the platelet activating factor (PAF) receptor [29] . Antagonists of this receptor block transmigration in vitro (C. Rosenow and E. Tuomanen, unpublished information) and impede the development of bacteremia following pneumonia in vivo. The participation of PAF receptor-dependent translocation in the generation of meningitis remains to be studied in detail [30] .
As for pneumococcus, Haemophilus uses different molecules to engineer attachment versus invasion. Bacteria decorated with adhesive fimbriae types I and II adhere more readily to endothelial cells and may induce a cytopathic effect. Fimbriated
Haemophilus have been demonstrated to adhere directly to the choroid plexus [31] . The ability to traverse epithelia in vitro is conferred by the expression of another protein, Hap (Haemophilus adherence and penetration)
protein [32] . The route of passage appears to be both through cells and between cells depending on the system [33, 34] .
Meningococcus
penetrates epithelial monolayers using a transcellular route [34] . This property may be related to the presence of OmpC on the bacterial surface [35] . E. coli Kl causes meningitis only in the first 3 months of life. This is presumed to result from the presentation of sialic acid o2,3-galactose on the infant cerebral endothelium which serves as the cognate ligand for the Sfa protein on S fimbriae [36, 37] .
6. Bacterial components that effect the BBB Several bacterial components have been demonstrated to directly effect the function of the BBB. These properties may or may not enhance bacterial translocation, but they certainly contribute to the development of BBB permeability which is the central pathology of CNS infections.
The pneumococcus elaborates specific glycopeptides derived from its cell wall which when injected intravenously in purified form can induce transient, enhanced BBB permeability in healthy animals [38] . The mechanism appears to involve enhanced pinocytotic vesicle trafficking since tight junctions remain impermeable to intravascular markers. Endotoxins released from Haemophilus and meningococcus induce gaps between cerebral endothelial cells in vitro, most probably in a serum CD-14-dependent fashion 1391. Several bacterial proteases affect tight junction activity either directly or indirectly through the extracellular matrix. Intracerebral collagenase causes enhanced BBB permeability over 7 days. which is believed to arise by degradation of the extracellular matrix [40] . Plasminogen receptors present on several bacteria, including the meningeal pathogens E. coli, meningococcus,
Haemophilus
and Borrelia, can capture host plasminogen [4 11. In the presence of tissue plasminogen activator, which is found in particularly high concentrations in brain, plasminogen is converted to the active proteinase, plasmin, which degrades extracellular matrix components. Finally, Pseudomonas elaborates an elastase which specifically degrades ZO-1 in epithelial tight junctions, leaving E cadherin in the zonula adherens intact [42] .
Pharmacological agents which open the BBB to transport of large molecules are rare. Thus, the ability of bacteria to traverse or modify the function of the BBB may provide much insight into the mysterious properties which maintain the BBB. One example of this is demonstrated by the adhesin, filamentous hemagglutinin @ha) of B. pertussis. A subset of antibodies to Fha cross-react with human cerebral capillary endothelia, specifically recognizing a 52-and 64-kDa molecule. Preliminary evidence suggests that these cross-reactive determinants are brainspecific and novel based both on sequence information and on function. The antibodies show two functions in vivo: they block leukocyte recruitment to inflamed brain and they induce BBB permeability when they bind to healthy brain. It is conceivable that the Bordetella adhesin has mimicked a molecule important in promoting traffic of leukocytes specifically across the BBB, a function which could necessitate loosening of tight junctions for leukocyte diapedesis.
Conclusions
The BBB is a complex structure formed by the choroid plexus epithelium and the cerebral capillary endothelium. The hallmark of both sites of the BBB is the presence of tight junctions which severely limit the passage of even small molecules from blood into brain or CSF. Recently, the components of the tight junctions have been identified, in part, and it is suggested that the BBB is substantially similar to peripheral polarized, transporting epithelia. This may suggest model systems more amenable to study than primary cerebral capillaries. Knowledge of exactly how and where pathogens enter the brain is still fragmentary.
However, recognition of the diversity of routes and mechanisms pathogens use will limit confusion by lowering expectations for a 'single, common path'. Recently identified surface components promoting invasion of peripheral epithelia and endothelia for pneumococcus, Haemophilus,
and meningococcus need to be tested in models of CNS disease with a view to the newly described relationship between initiation of transmigration and activation of the host cell. Limitation of the entry of pathogens into the CNS will result in a major decrease in morbidity and mortality associated with systemic infection.
